Abstract-We demonstrate the concept of coherence cloning where the coherence properties of a high-quality spectrally stabilized fiber laser are transferred to a commercially available high-power DFB semiconductor laser (SCL) using an optical phase-lock loop. The lineshapes and frequency noise spectra of the fiber laser and the free-running and phase-locked SCL are measured and compared. The bandwidth of coherence cloning is limited by physical factors such as the laser frequency modulation response and the loop propagation delay. The effect of this limited bandwidth on the laser field and on self-heterodyne interferometric measurements are analyzed.
I. INTRODUCTION
N ARROW-LINEWIDTH fiber lasers and solid-state lasers have important applications in the area of fiber-optic sensing, interferometric sensing, light detection and ranging (LIDAR) measurement, etc. Semiconductor lasers (SCLs) are smaller, less expensive, operate at higher powers and are inherently more efficient compared to fiber lasers, dye lasers and solid-state lasers. However, they are much noisier due to their small volumes and the low reflectivity of the waveguide facet. The coherence properties of a high-quality master laser, such as a narrow-linewidth fiber laser, can be electronically cloned onto a number of noisy SCLs using optical phase-lock loops (OPLLs) [1] , as shown in Fig. 1 . This presents a significant advantage in applications that require a large number of spectrally stabilized laser sources. In this paper, we will describe the theoretical and experimental study of coherence cloning of a spectrally stabilized fiber laser to a high-power commercial semiconductor DFB laser using an OPLL. We will further analyze the impact of coherence cloning on the observed spectrum in a self-heterodyne Mach Zehnder interferometer (MZI). Such an experiment is very common, and is often used for laser lineshape and coherence characterization, Manuscript as well as applications such as interferometric sensing and frequency-modulated continuous wave (FMCW) LIDAR.
II. COHERENCE CLONING

A. Theory
A schematic diagram of an OPPL is shown in Fig. 2(a) . A slave local oscillator (LO) SCL is locked to a master laser at an offset frequency given by a reference RF oscillator. The propagation of phase noise in the loop is studied in the frequency domain using the theoretical model shown in Fig. 2(b) . and are the transfer functions of the loop filter and the FM response of the SCL to input current, respectively, normalized to have unity gain at dc.
is the total dc loop gain. refers to the relative intensity noise (RIN) of the master laser. The RIN of the slave SCL is neglected in this analysis since the RIN of DFB SCLs is typically a few orders of magnitude smaller than the RIN peak that is usually present in fiber lasers at frequencies within the OPLL bandwidth. In our experiments, the DFB laser had a flat RIN spectrum of 135 dBc/Hz while the RIN peak of the master laser at 1 MHz was 115 dBc/Hz. When the loop is in lock, the frequency of the slave laser is given by . is the steady state phase error in the loop, and depends on the frequency difference between the master laser and the free-running slave SCL, offset by the RF oscillator frequency (1) The total small-signal loop gain is given by
Following a standard analysis [2] of the phase propagation in Fig. 2(b) , we arrive at the following expression for the power spectral density (PSD) of the frequency noise of the locked slave laser (3) where , , and are the PSDs of the frequency noise of the master laser, the free-running slave laser, and the RIN of the master laser, respectively. The frequency noise is related to the phase noise by . The phase noise of the RF oscillator is very small compared to the laser phase noise, and is ignored. From (3), we find that for frequencies smaller than the loop bandwidth, where , the phase noise of the SCL tracks the phase noise of the master laser. For frequencies greater than the loop bandwidth, and the SCL phase noise reverts to the free-running level.
B. Experiment
A commercial DFB laser (JDSU) is phase-locked to a narrowlinewidth fiber laser (NP Photonics) at an offset of 1.5 GHz using a heterodyne OPLL [3] . The OPLL is a Type I OPLL with a total loop propagation delay of about 6 ns. The FM response of the slave SCL shows a phase crossover [4] at 3 MHz, which limits the achievable loop bandwidth. A lag-lead filter is used in the loop to increase the dc gain, and hence the holding range of the OPLL. The filter has a transfer function of the form with a zero at kHz, and a gain . The rms residual phase noise (phase noise not corrected by the OPLL) is measured to be about 0.32 rad.
The phase noise of the master fiber laser and the free-running and phase-lock DFB slave laser are characterized using two measurements. The lineshapes of the lasers are measured using a delayed self-heterodyne interferometer with interferometer delay time much larger than the laser coherence time. The frequency noise spectra of the lasers are also directly measured using a fiber MZI as a frequency discriminator. The measured lineshapes of the fiber laser, and the free-running and locked DFB slave laser are plotted on a 50 MHz span in Fig. 3(a) and a 500-kHz span in Fig. 3(b) . The lineshape of the master laser is normalized so that its peak is aligned with that of the phase-locked slave laser. The lineshape of the locked DFB laser is seen to be the same as the master fiber laser for frequencies less than 50 kHz. For frequencies above 50 kHz, the lineshape profile of the locked DFB laser does not completely track the fiber laser due to the limited bandwidth of the OPLL. The 20 dB linewidth of the DFB laser is reduced by more than two orders of magnitude from 4 MHz to 30 kHz. The finite-loop bandwidth limits the available phase margin at frequencies of 8 to 10 MHz, leading to a shoulder in the laser lineshape, as shown in Fig. 3(a) . Moreover, the use of the lag-lead loop filter also reduces the phase margin at frequencies 100 kHz leading to noise peaks, as shown in Fig. 3(b) .
The measured frequency noise spectra of the master fiber laser, and the free-running and locked slave DFB SCL are shown in Fig. 3(c) . The frequency noise spectrum of the free-running slave SCL is about two orders of magnitude higher than that of the master laser, and shows additional noise peaks at the power line (60 Hz) harmonics and a spurious peak at 100 kHz due to a resonance in the laser driver circuit. The frequency noise spectrum of the locked DFB laser is reduced to a level identical to that of the fiber laser for frequencies less than 50 kHz, which is consistent with the observation of the lineshapes in Fig. 3(b) . The measured frequency noise of the phase-locked DFB laser agrees well with the theoretical calculation (dashed curve) using (3) .
We see, therefore, that the DFB laser emulates the linewidth and frequency noise spectrum of the master laser when phase-locked using a heterodyne OPLL. However, the coherence cloning is limited to frequencies within the bandwidth of the OPLL. The loop bandwidth is primarily limited by two factors, viz. the nonuniform FM response of a single-section SCL [4] and the loop delay [5] , [6] . The limitation imposed by the loop delay can be relaxed by using miniature optics [7] and integrated electronics to reduce electronic rise times and optical and electronic propagation delays. The FM response of the laser poses a more serious concern, and previous efforts to demonstrate high-bandwidth SCL-OPLLs have only been successful using special multisection DFB lasers, which are expensive and not easily available. Efforts are in progress to overcome this limitation by exploring novel optical phase-locking architectures.
III. COHERENCE CLONING AND INTERFEROMETER NOISE
We will now consider the effect of a limited-bandwidth coherence cloning experiment on interferometer noise. In particular, we will consider the MZI shown in Fig. 4 . The laser output is split into two arms of MZI with a differential delay . One of the arms also has a frequency shifter, such as an electrooptic or acoustooptic modulator that shifts the frequency of the optical field by . This delayed self-heterodyne configuration is very common in a number of applications such as laser lineshape characterisation, interferometric sensing, and FMCW LIDAR. The laser field is given by , where is the amplitude of the electric field, the frequency of the laser, and the laser phase noise. The output of the photodetector in Fig. 4 is given by (4) The intensity noise of the laser is typically much smaller than the detected phase noise and is neglected in this analysis. Further, without loss of generality, we let and so that the photodector current (around ) is given by (5) where is the accumulated phase in the time interval
. We wish to investigate the effect of coherence cloning on the spectrum of the electric field and the photocurrent .
A. Coherence Cloning Model
Spontaneous emission in the lasing medium represents the dominant contribution to the phase noise in a free-running SCL [8] . This gives rise to a frequency noise that has a PSD (6) which in turn leads to a Lorenzian spectrum for the laser electric field, with full-width at half-maximum (FWHM) . In practice, there are also other noise sources that give rise to a frequency noise at lower frequencies, as can be seen from Fig. 3 . It has been shown [9] that the optical field spectrum of a laser with frequency noise has a Gaussian lineshape as opposed to a Lorenzian lineshape. For simplicity of analysis, we will assume in this paper that the master and the free-running slave laser have flat frequency noise spectra corresponding to Lorenzian lineshapes with FWHMs and , respectively, as shown in Fig. 5 . Further, the OPLL is assumed to be an ideal OPLL with bandwidth so that if if
Using (3) and assuming that the effect of the master laser RIN is negligible (as is the case when even if is nonnegligible), we obtain if if (8) Fig. 5 . Model of the PSD of the frequency noise of the master laser and the free-running and locked slave laser. The OPLL is assumed to be "ideal" with a loop bandwidth f .
as shown by the dashed curve in Fig. 5 . We denote the reduction in linewidth by (9) The accumulated phase noise in (5) for a free-running laser is the result of a large number of independent spontaneous emission events that occur in the time interval , and is therefore a zero mean Gaussian random process. Since the OPLL acts as a linear filter, the phase noise of an SCL phase-locked to a narrow-linewidth master laser in an OPLL also follows Gaussian statistics. The PSD of is related to the PSD of the frequency noise by [10] , [11] (10) with , and its variance is given by (11) Since is a zero mean Gaussian process, its statistics [and therefore the statistics of the photocurrent in (5)] are completely determined by (11) .
For a free-running laser with linewidth (6), we have from (11) (12) Note that is an even function of For the phaselocked slave laser, we use (8) in (11) to obtain (13) The second term in (13) quantifies the improvement in phase noise (or coherence) due to phase-locking, and is calculated by casting it in the form (14) where is the well-known Sine integral , whose value is numerically computed. The variation of versus is calculated and plotted in Fig. 6 . The values used in the calculation are kHz and kHz. The loop bandwidth is varied between 1 and 100 MHz. It can be seen that follows the free-running slave laser for and is approximately equal to that of the master laser for .
B. Spectrum of the Laser Field
We first calculate the shape of the electric field spectrum, i.e., the spectrum of for a free-running and phase-locked laser. To do this, we write down the autocorrelation of the electric field (15) where we have assumed that is constant over one optical cycle and used the result for a Gaussian random variable . From the Wiener-Khintchine theorem, the spectrum of the electric field is given by the Fourier transform of (15). We define the spectrum at baseband by (16) so that the two-sided PSD of the field is given by (17) For a free-running laser, (12) and (16) For the phase-locked laser, the field lineshape is calculated using (13) and (16), and is shown in Fig. 7 for different values of the loop bandwidth . It can be seen that the lineshape of the phase-locked laser follows that of the free-running slave laser for frequencies and that of the master laser for frequencies . This result is in good agreement with the experimentally measured lineshapes in Fig. 3 . The earlier result can be intuitively understood by noting that for sufficiently large frequencies, the phase noise is much smaller than 1 rad. We can therefore make the approximation , and the behavior of the field spectrum in this frequency range is therefore the same as that of the spectrum of the phase noise.
C. Spectrum of the Detected Photocurrent
We now calculate the spectrum of the photocurrent detected in the experimental setup of Fig. 4, i. e., the spectrum of the current in (5) The autocorrelation of the photocurrent is derived similar to (15)
where we define
In deriving (19), we have again made the assumption that is much larger than the laser linewidth, and used the fact that follows Gaussian statistics. The variance of is given by
Substituting back into (21), we have (23) We again define the baseband current spectrum (24) so that the double-sided PSD of the photocurrent is given by (25)
The case of a free-running laser has been studied previously by Richter et al. [12] , where it was shown that for low values of , the spectrum is characterized by a sharp delta function accompanied by a pedestal with oscillations whose period corresponds to the free spectral range of the interferometer. As the value of increases, the strength of the delta function relative to the pedestal reduces, until a Lorenzian profile with FWHM is obtained for . For the phase-locked slave laser, we numerically calculate the spectra of the photocurrent using (24), (23), and (13). The results of the calculation are shown in Fig. 8 . In general, the shape of the spectrum follows that of the master laser with the following important difference. For frequencies the loop bandwidth , the PSD of the phase-locked laser increases to the level of the free-running case. However, the features corresponding to the free spectral range of the interferometer are still present. The improvement in the coherence of the phase-locked SCL manifests itself in the presence of the delta function even at large delay times where the free-running laser results in a Lorenzian output.
In most practical sensing applications involving lasers, the delay time is much smaller than the coherence time of the laser, in the regime shown in Fig. 8(a) . In this case, the presence of a pedestal constitutes a deviation from the "ideal" case of a delta function, and represents unwanted noise in the interferometric sensing measurement. Comparing the spectra of the master laser and the phase-locked laser in Fig. 8(a) , we see that the noise level is almost identical for small frequencies, but the phase-locked laser has greater noise for frequencies the OPLL bandwidth. However, this additional noise level is still many orders of magnitude below the delta function, and is outside the signal bandwidth so that it can be filtered out using a narrow bandwidth electrical filter.
IV. CONCLUSION
In conclusion, we have demonstrated the concept of "coherence cloning," i.e., the cloning of the spectral properties of a high-quality master laser to an inexpensive SCL, using an OPLL. The SCL is an attractive candidate for many interferometric applications because of its high responsivity to applied current, high power output, and compact size. The bandwidth over which the spectrum is cloned is limited by physical factors such as the FM response of the SCL and the OPLL propagation delay. Using a simple model for the coherence cloning, we have investigated the effect of this limited bandwidth on the spectrum of the laser electrical field, and on the result of interferometric experiments using the laser, which are common in many sensing applications. We have demonstrated that the spectrum of the field of the locked laser follows the master laser for frequencies lesser than the loop bandwidth, and follows the free-running spectrum for higher frequencies. We have further shown that a similar behavior is observed in interferometric experiments. Since the additional noise due to the limited loop bandwidth appears at high frequencies greater than the loop bandwidth, it can be electronically filtered off using a narrow bandwidth filter. Though these calculations were performed for a coherence cloning approach using OPLLs, the results are valid for any general linewidth-narrowing approach, since the bandwidth of linewidth reduction is always finite and limited by the propagation delay in the feedback scheme.
